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SUMMARY 


This report describes tlie results of a program designed to determine the extent to 
which graphite fibers are released from resin matrix composites that are exposed to 
fire and impact conditions. The conditions evaluated were laboratory simulations of 
those that could exist in the event of an aircraft crash and burn situation. Another 
objective of the program was to evaluate the effectiveness of various hybridizing 
concepts in preventing this release of graphite fibers. The baseline (i.e., unhybridized) 
laminates evaluated v/ere prepared from commercially available graphite/epoxy, 
graphite/polyimide, and graphite/phenolic materials, Hybridizing concepts investi- 
gated included resin fillers, laminate coatings, resin blending, and mechanical inter- 
locking of the graphite reinforcement. The baseline and hybridized laminates' 
mechanical properties, before and after isothermal and humidity aging, also were 
compared, 

It was found that a small amount of graphite fiber was released from the graphite/ 
epoxy laminates during the burn and impact conditions used in this program. However, 
the extent to which the fibers were released is not considered a severe enough problem 
to preclude the use of graphite-reinforced composites in civil aircraft structure. It 
also was found that several hybrid concepts eliminated this fiber release. Isothermal 
and humidity aging did not appear to alter the fiber release tendencies. 

Under the burn conditions used in the program, no fibers were released from tlie 
baseline graphite/phenolic laminates. Next in order of effectivness in fiber retention 
was the polyimide resin, followed by the epoxy resin. 

Hybridizing concepts found effective in preventing fiber release were resin fillers 
(boron), woven graphite reinforcement, and several coatings including aluminum flame 
spray, intumescent coating, talc-filled phenolic, and glass microballoon-filled 
polyimide. 


1.0 INTRODUCTION 


A potential problem has been identified (Ref, 1) with regard to the accidental release 
of graphite fibers into the atmosphere. The problem is that electrical equipment could 
be damaged (short circuit) if contacted by the electrically conductive graphite fibers. 
As related to composites such as the graphite reinforced epoxies which are finding 
increased usage in aircraft structure, the following factors add to the concern of fiber 
release: in case of a fire, the resin matrix of the composite would be degraded with 
the ensuing potential that the graphite reinforcement could be dispersed into tlie 
surroundings; then, once free of their resin matrix, the graphite fibers being of low 
density and small particle size could readily "float" on air currents with the distance 
traveled by the fibers before settling to earth being dependent on weather conditions; 
and further, once the fibers have settled from tlie atmosphere, they could be redis- 
persed again by other air currents, The objectives of this program were: (1) to 
determine if a problem exists, and (2) if so, to evaluate concepts of modifying 
(hybridizing) the graphite reinforced composites to minimize the problem. 

This document is the final report on a program performed by the Boeing Company for 
the National Aeronautics and Space Administration, Lewis Research Center to meet 
the aforestated objectives. The work was performed under Contract NAS 3-21383. 
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2.0 TECHNICAL DISCUSSION 


Tho program was performed in two separate tasks. In Task I, "Concept Definition and 
Analysis," baseline laminates based on cornmereially available graphite prepreg 
materials were selected against whioh the effectiveness of various hybridising 
concepts to retain graphite fibers would be evaluated in Task II. Analytical studies 
were then performed to predict the influence of the hybrid concepts on weight, cost, 
and mechanical properties of the baseline laminates. From these studies, hybridizing 
concepts were selected for evaluation in Task II. 

In Task II, "Composite Fabrication and Evaluation," laminates were prepared and 
evaluated using tlic hybrid concepts selected in Task I. The primary evaluation 
procedures used were burn and impact testing of the laminates. Physical, meclianieal, 
and NDI testing were also conducted. Evaluations were performed on as-fabricated 
laminates and also after thermal and humidity aging. Results obtained during this task 
were used in selecting the hybridizing concepts that retained graphite fibers on 
burning and impact exposure. The selected concepts were then incorporated into 
laminates delivered to NASA for evaluation. 

2.1 TASK I-CONCEPT DEFINITION AND ANALYSIS 

At the onset of Task I, a survey was conducted to determine what type of graphite 
reinforced composites were most commonly being used or projected for use in civil 
aircraft structure. This was a limited effort aimed at substantiating already available 
information that the 449. 7K (350°F) curing epoxy resins are currently used more than 
any other resins. The graphite reinforcement to be used in the program was, by 
direction, to be unidirectional tape as opposed to woven fabric because; (1) tape is 
widely used, and (2) woven fabric provides a mechanical interlocking of the graphite 
reinforcement that would retain the graphite, to some extent, during a fire. 

After selecting the baseline laminates, various hybridizing concepts for retaining 
graphite fibers during, for example, an aircraft crash and burn situation were 
postulated. The principal areas addressed were potential effectiveness of the 
hybridizing concept in retaining graphite fibers, and effect of the hybridizations on 
weight, cost, and performance of the composite. This effort is reported in 2.1.1. 
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The proposed hybrid coiUMipts were then subjected to analytienl studies to predict how 
tlie weight, cost, and structural performance of tlie hybrids would compare; to the 
baseline laminates. These efforts are rDported |e ^.1,2, 

The remainder of Task I was devoted to selecting the most promising liybrid concepts 
for evaluation in Task II. These efforts arc reported in 2.1.3. 

A flow diagram of Task I activities is presented in Figure 1. 

2.1.1 CONOEPT DEFINITION STUDIES 

During this portion of tlie program, the baseline (unhybridized) grapliite reinforced 
composites were selected for evaluation. Then, hybridizing concepts aimed at 
retaining the graphite fibers during burning were postulated. 

24.1.1 Baseline Laminates 

A survey was conducted to determine which commercially available graphite prepregs 
are in use and are most likely to be used on future transport aircraft and space 
hardware. Evaluations in this program were to be performed on laminates made from 
these commercially available prepreg materials, Two laminate thickner^ses were used? 
thin, 1.00 to 1.55 mm (0.040 to 0.060 in.), and thick, 6.25 mm (0.250 in.). It was 
required that unidirectional graphite tape be the reinforcement for the baseline 
laminates. The survey showed that the predominance of graphite reinforcement 
presently used are l;lie high strength fibers such as T300, AS, and Celion 6000. Because 
of their low cost compared to the higher modulus fibers, the high strength fibers 
should continue to be volume usage leaders in future applications. Another class of 
fibers that may be used extensively in future applications are the pitch-based fibers. 
While the development of pitch fibers has been slower than projected, their low cost 
potential makes them an attractive candidate. One particular form of graphite that is 
expected to increase in usage and probably poses the most serious fiber release 
problem is chopped fiber molding compounds. The attractiveness of chopped fiber 
molding is its low-cost processing, especially on large production runs. Its use appears 
especially promising as a core in sandwich construction where it stabilizes and 
provides shear paths between the high modulus skins. Another attractive application is 
in molded fittings for cost ano weight savings reasons. These applications have been 


(iemonstmted on aircraft and missile components and it is likely tliat chopped fiber 
molding will be extensively utilized because it is umenablo to liigli produetion rates 
processes. 


With respect to reinforcement orientation, there are virtually no aircraft or space 
hardware structures using all 0® orientation. The most common usage is an angle-plied 
layup with the percentage of fibers running in any one direction being based on the 
load conditions of that particular application. For 'example, a laminate containing 25% 
of +450 fibers, 40% of 0<^, 25% of "45®, and W% of 90® fibers can be considered 
representative of frequently used angle-plieo lay-ups with the percentage and 
directio"' of fibers in any one direction being adjusted to suit the application. For this 
program a pseudo-isotropic orientation (0, +45, 90) was used, 

The survey also indicated that present and near future airplane production will 
primarily utilize epoxy resin systemsuch as Narmco 5208, Hercules 2501, Fiberite 934, 
and Ilexcel F261 for most applications, The Boeing Company is projecting significant 
usage of graphite/epoxy composite structures in its new model 767 aircraft. These 
449. 7K (350®F) curing systems have been evaluated extensively industry wide, under 
both in-house and government funded programs. Within the epoxy resin family, the 
354.1 K (250®F) curing materials such as Narmco 5209 and Ferro CE339 were also 
considered in this program because of their industry usage potential and the 
probability that they would have different burning characteristics than the 449.7K 
(350®F) curing resins. 

For high temperature applications above 505.2K(450®F), the most promising candidate 
resin systems are the polyimides. Besides the Space Shuttle weight reduction efforts, 
other forseeable applications that may develop are exterior surfaces of supersonic 
missiles and aircraft as well as in hot areas of engines. The missile applications are 
especially interesting because Boeing tests (Ref. 2) show the polyimides can withstand 
the peak temperatures above 810.8K (1000®F) for the very short periods of time 
required in certain missile missions, 

In addition to the epoxies and polyimides which are the principal resin candidates for 
general and high temperature applications respectively, low cost, fast cure/processing 
resins such as plienolics, polyesters, and thermoplastics were also considered. These 
materials are ideally suited for economical, high production rate applications. 
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Unsed on the foregoini? consulerations^ n list of enndiduto mnjrix/i*(‘infoi'c*enK-ni, 
eornbinations for use as bfisoline laminates was prepared (Table I). 

Prior to selecting the baseline laminates and liybridtelng ooneepts, some preliminary 
burn tests were conducted to obtain an indication of the seriousness of the fiber 
release problem. It was felt tluit these tests would be beneficial in estnl)lishing the 
severity of the fiber release problem and might provide an indication of which 
hybridl’/.ing concepts would best solve the problem. The laminates wore 150 x 150 mm 
(6x6 in.) and of several thicknesses ranging from 0.6 to 3.0 mm (0.024 to 0.120 in.). A 
listing of the laminates followsj 

Laminate #l»-polyimide/Celion 6000, + 45® orientation 
#2-’-polyimide/ehopped fiber 
#3— epoxy/T300, 0® orientation 
#4— epoxy/fabric 

#5— polysulfone/AS, + 450 orientotion 
#6— epoxy/chopped fiber 
# 7 —polysulf onc/fabr ic 
#8— polyimidc^Celion 6000, 0 + 450 

#0"-polyimido/Celion 6000, 0 + 45<> 

#10-“polyimide/Celion 6000, 0 + 45^ 

#11— polyimide/Celion 6000, 0 45® 

#12— phenolic/iabric 

# 1 3— phenolic/fabr ic 
#14— phenolic/fabrie 

# 1 5— phenolic/fabrie 
#16— epoxy/chopped fiber 
#17— epoxy/chopped fiber 

The laminates were mounted, one at a Ume, in an Ohio State University Rate of Heat 
Release Apparatus (OSU)— see 2.2.2 and Figure 2— and simultaneously subjected to 
radiant neat of 5 waUs/cra^ plus direct flame impingement from 12 flamelets, 12.5- 
mm(0.iHn.) spaaing, along the bottom of the laminate. Distance between the radiant 
panel heater and tlie specimen was 100 cm (4 in.). Duration of exposure is given in 
Table II. Air ^ across the specimen was about 1 mph. Photographs of the burned- 
out laminates are presented in Figures 3 through 19 and further particulars are given 
in Table VI, 
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Because degradation of the panel due to thermal exposure was the response desired, 
the specimens were not impacted or subjected to high air velocity, The test results 
indicated that were was some release of free fibers, but not enough to be considered a 
serious problem, 

A visual examination of the laminates during and after the flammability exposure 
revealed the following: 

1. The structural integrity of aU of the laminates was pretty well destroyed except 
for the thicker polyimide (Panels 2, :i0, and 11) and phenolic (Panels 12 and 13) 
laminates. 

2. Graphite fabric does not present a fiber release problem under the flammability 
conditions used. The laminate degrades into individual plies (Figure 6) with the 
graphite fibers still interlocked within oach ply due to the weaving process. 

3. The chopped fiber reinforcement did not present as severe a fiber release 
problem as expected, possibly due to mechanical interlocking of the fibers. 
However, the structural integrity of the epoxy matrix panels (#6, 16, and 17) was 
completely destroyed and free fibers would certainly be released if these panels 
were subjected to impact and/or high air velocities. Such is not the case with 
the polyimide matrix laminate (#2).' Either the better char forming character- 
istics and/or higher temperature capability of the polyimide has effectively kept 
the fibers locked together. 

4. Panel #5 (polysulfone/AS at + 45® orientation) presented the worst fiber release 
potential of all laminates tested (Figure 7). 

5. It was evident that most panels would experience very little release of individual 
fibers if they were subjected to an impact loading and air flow such as planned 
for other panels later in the program. 

6. The OSU sample holder provides a certain amount of edge constraint to the 
laminates during exposure, which helps to retain the graphite in position once the 
matrix is degraded. Since various extents of damage will occur to aircraft 
structure during a crash and burn situation, the NASA project manager recom- 
mended that flaws be introduced into the laminates by drilling holes prior to 
burning. This was done to panels #8, 10, 12, 14, and 16. Comparing these panels 
to identical laminates (Table VI) without holes confirmed that more fiber release 
occurs from the flawed laminates than from the unflawed laminates. Therefore, 
it was decided to use flawed panels for the remainder of the program. 


7. Matrix char formation appeared to aid in fiber retention in some panels but the 
extent could not be quantified by visual examination, 

8. Visual observations of the laminates during the burn tests indicated that a few 
fibers, as expected, were released progressively as tlie matrix was destroyed. 
However, this release was inhibited by the char formed by the resins. Thus, it 
seems appropriate to speculate that the total amount of fibers released will not 
be proportional to laminate thickness and also that resin modifications aimed at 
producing better char forming epoxies are in order. 

9. Panels #12 and 13, phenolic/graphite fabric, exhibited the least fiber release 
tendency of all the panels tested and Panel #5, polysulfone/+45° graphite tape, 
the greatest fiber release tendency. 

These preliminary burn tests permitted a ranking to be established relating the matrix 
resin and reinforcement form to fiber release tendencies. (See Table III.) These tests 
also showed that very few fibers were released from any of the laminates burned and, 
at this point in the program, indicated that the fiber release problem would p''* be 
severe enough to impede usage of these materials in civil aircraft structure. 

After the flammability testing, a section was removed from certain panels, wrapped in 
fiberglass, and isothermally aged for' 12 hours at 866.3K (llOflop) in a muffle furnace. 
Figure 20 shows a sample prepared for aging and another sample after aging. Under 
these conditions, the T300 reinforcement from the thinner panels was cornp.etely 
oxidized while the thicker panels, such as in Figure 20, prevented complete oxidation. 

Based on these considerations, the baseline laminates listed in Table IV were selected 
for evaluation in Task II. 

2. 1.1. 2 Hybridizing Concepts 

The primary goal of all hybridizing approaches considered was retention of the 
graphite reinforcement after the laminates had been burned. A secondary considera- 
tion was to maximize structural integrity after the exposure. Basic approaches 
considered are shown in Table V. Of these, it was felt that mechanical interlocking 
would be the most effective approach for fiber containment. Woven materials are 
readily available and can be accommodated in designs as either exterior plies or inter- 
plied with unidirectional tape. Should this concept prove to be either ineffective or 
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uiuii'sii’abU' I'or sM'rUun nppIbnitiouM, mtoriin'kinir by woaviniv a hybrid ninn' 

with tlu' imiiUiHvlioiml [^ra[»hil«' ia altu> a iu)ssibilily. It hi appmin’mto to point out tluit 
tho us»‘ ot nraptuto tabrii* in litni of uimlu’ootunml t.npo is iuoivasinu' foi' two ri'asons.* 
to oust savings duo to roviuood lay up timo, and t'.H U'.ss data soatlor. 'riu' many 
ajiplioations that roquiri* oroaspliod fibors with 0*’ and tU)'' oriontalion aro mado to* 
oi'dor for fabrio. Thus, tlu* intoi’[ilyin{V of j’ti’aphito fabrio with tapo was projoolod to bo 
a voi'y offootivo niothod for rosolvintf tho fibor roloaso probloin with minimum woiifht 
inoroaso and minimal propi*rly roduotion for many applioations. 


(’oatini*;s woro anolhor minimum impaot approaoh that was oonsidorod. It was foil 
liiat polyimido and othor arj'janio ooatiut^s that aro |>’ood ohm* formors on burning would 
proviilo fibor oontainmont during a firo. Also oonsidorod woro tho intumosoont 
ooatings whioh oxiiaiul and foam to pr<*vont tl'.a imdorlying oomposito slruoturo from 
iHirning. Tosts at Booing hail shown that thoso aro rolalivoly offootivo. Ablativo 
ooatings and glass flakos witli a low molt tomiu'raturo woro also oonsidorod. 


Hovoral apin*oaohos aimod at oontrolling tho matrix oonstituonts to of foot fibor 
oontainmont woro also oonsiilori'd. Tho first was to dotormino if thoro woro any 
oommoroially availablo matrix systoms that wouUl rotain tho graphito fibors. Tho 
sooond involvod proprog pUos of ono rosin matrix inlorpliod with proprog of a difforont 
matrix. Tho third apin’oaoli oonsidorod, was to modify tho matrix to inoroaso its ohar 
forming oharaotoristios and/or its ability to mako tho roinforoomont disporso as 
olumps rathor than individual fibors aftor a firo. It was rooogni/.od that tho sooond 
and third approaohos would impaot nmtorial usors booauso a now data baso wouhl bo 
roquirod. 


A nu'i'it rating syslomwas usod to provido a quantilativo mothod for guiding tho initial 
solootion of malorial/layui» oombinations for tho oandidato hylirid matorials and for 
ranking thorn to dofino tho most promising oombination. An oxisting oominitor 
program was usod to quiokly analy/o solootod nmtorial oaiulidatos and ply oriontalion 
oombinations for [laramotors suoh ns tonsion and oomprossion load offioionoy (strongth 
and woighO, sUffnoss, and fatiguo rosistanoo (sm* iM.ll). 


A proliminary solootion of hybridizing oonoopts was oomiulod and is prosontod in Tnblo 
VI, Kovlar roinforoomont was purimsoly omitiod from tho proposod hybrid oonoopts 
booauso work port'ormod at NAB,y imngloy tUof. ;i) indioatod that Kovlar usod as 
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exterior plies on n Brnphite/Kevlar laminate wore not effective in retaining the 
grapliite fibers. 

After the analytical studies wore performed (2.1,2), the hybridizing concepts for 
evaluation in Task II were selected (see Table VII). 

2 .1.2 COMPOSITE ANALYTICAl, S Tl DIES 

Tlie purpose of these studies was to predict how various hybrid concepts would affect 
the cost, weight, and structural performance of the baseline laminates. The basic 
approach used was to assume load and stiffness requirements commensurate with the 
structural capability of the baseline laminates. The hybridizing concepts were 
required to meet these same requirements, i.e., no reduction in load carrying 
capability was permitted. While other approaches could be used, tliis one appears most 
appropriate because it assumes that the baseline laminates wore sized to carry a 
certain load and that load must also be carried by tlie hybrid laminates. 

The technique used to predict the effect of various hybridizing concepts on the 
structural, weight, and cost properties of baseline laminates was the Boeing Composite 
Analysis and Optimization Computer Program "COOP" (Ref. 4). "COOP" uses classical 
laminated plate theory to calculate the moduli and allowable strengths of a laminate 
using the moduli and strengths of each layer in the laminate as input. The program 
then optimizes the laminate to obtain a minimum objective function subject to 
strength and stiffneas constraints. The objective function used in the optimization is a 
composite functional consisting of the laminate weight, cost, moduli, and strengths. 
The objective function is given by: 

OBJ = ki + COST Ic2 + C3 1<3 + k4 + C5 ks + Ce kg 

C2 Eji; Ey Gjjy Ext 

+ ^'7 k? + + C9 kg + CfO kip 
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Where Cj: is the weiglit of an equivalent .T300 graphite/epoxy laminate subjected to 
the same loads, C2 is the cost of the equivalent laminate, C3, C4, and C5 are the 
moduli, and Cq ~ Cio Hie strengtlis. The weighting factors K are varied to give 
the desired objective function. For example, if Ki = 1 and K2 “ Kio ~ Hie laminate 
would be optimized to provide a minimum weight design. If Ki = 1, K2 “ 1, K3 - Kxo ” 
0, the laminate would be optimized to provide a combination of minimum weight and 
minimum cost. 

The optimization method used is n variation of the steepest descent-sidestep nonlinear 
programming method (lief. 5), The optimization method is illustrated using the two 
dimensional example given in Figure 21. This example represents a 0/90 laminate 
being optimized subject to two constraints, Where constraint 1 is tlie margin of safety 
in the 90° layer and constraint 2 is the margin of safety in the 0° layer. For a given 
set of applied loads additional constraints could be present, such as minimum thickness 
and minimum stiffness. The purpose of the optimization is to reach the design witli 
the smallest objective function value while remaining above tlie constraint curves (in 
f the feasible region). Starting at Point 1, the code reduces thicknesses (descends) to 

reacli the constraint curve at Point 2, A direction is tlien determined wliich will 
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pi'ovide the maximum ineroaHe in the consti'uint wliile muintninint? a eonstunt objeetive 
value (sidestep direction). The code moves in the sid(?step direction to Point 3 and 
eliecks to see if the constraint is increasiiiB. It continues sidestepping (o Point 6, 
wlmrc the constraint is found to have decreased from the value at Point 5. It returns 
to Point 5 and descends to the constraint curve at Point 7. The sequence of steps 2-7 
is then repeated until the minimum value of the objective function is found. 

Eight different laminates were optimized with the "COOP" code and ranked according 
to their objective function values, ns shown in Figure 22. The optimization factors of 
"K" factors given in the figure were chosen to provide laminates with low weight and 
cost and high moduli and strength. The loads Ny, and N^y are representative of a 
0/+45/90 T300/5208 laminate with a thickness of 1,016 mm (0.040 in.). These were 
applied to the hybrid laminates to provide strength constraints so that tlie hybrids 
would not ha*'e a lower load capability than the baseline 0/+45/90 laminate. Stiffness 
constraints were also applied so that the hybrids would not be less stiff than the 
baseline laminate. 

The required thickness in each layer of each laminate are shown on the right side of 
the figure, It can be seen that the prograjn removed the 0° and 90° graphite/epoxy 
tape layers when a 0/90 T300 fabric hybrid was used and that it removed the +45° tape 
layers when a +45° fabric hybrid was used. The 0/+45/90 tape laminate provide the 
lowest objective function value, followed by a 0/90 T300 fabric/+45 T300 tape hybrid 
and a 0/90 T300 tape/+45 T300 fabric hybrid. 

The cost data used in these analyses were material costs. If production costs are 
included, those hybrids incorporating fabric reinforcement would cost less than the 
baseline tape laminate because fabric is easier to lay-up than tape. For the (0/+45/90) 
orientation under consideration, an all-fabric laminate could be used and would be the 
optimum laminate, 

2.1.3 LAMINATE SELECTION 

Based on the studies described in 2.1.1 and 2.1.2, the baseline and hybrid laminate 
systems listed in Table Vll were selected for evaluation in Task II. 


2.2 TASK n-GOMPOSITE FABRICATION AND EVALUATION 


The objectives of Task II wei’es (1) to prepare baseline and hybrid laminates selected 
in Task I, (2) to evaluate the effectivenes,i of the hybrids to retain graphite reinforce- 
ments during burn and impact testing, and (3) to determine the effect of the hybrid- 
izing concepts on laminate physical and mechanical properties. The effects of thermal 
and humidity conditioning on laminate physical and mechanical properties were also 
included in this study. The laminate fabrication efforts are documented in 2.2.1 and 
the evaluation of these laminates reported in 2.2.2. Based on these studies, the liyjrld 
concepts that beat retain graphite fibers during burn and impact conditions were 
selected as described in 2.2.3. A flow diagram of Task II efforts is presented in Figure 
23. 


2.2.1 LAMINATE FABRICATION 

In this section, the fabrication procedures used to produce the baseline and hybrid 
laminates listed in Table VII will be described. These laminates will be referred to by 
their system numbers shown in Table VII. All laminates were autoclave cured except 
for systems 3, ^a, and 3b which were cured in a Pasadena Hydraulic Platen Press. 
Hand lay-up techniques were used. The basic orientation was pseudo-isotropic 
(0/+45/90) with 8 plies total being used in systems 1, 4, and 5 and 48 plies used in 
system 2. Particulars on each system follows 

0 System #1— T300/5208 tape (0/+45/90)g, autoclave bagging procedure and cure 
cycle are shown in Figures 24 and 25, respectively. 

0 System #la— Same as system #1 except one ply of 120 fiberglass/epoxy with 
warp in the 0-degree direction cocured to each face. 

0 System #lb— Same as system #1 except aluminum flame sprayed film, 0.127 mm 
(0.005 in.) thick, cocured to one face of the laminate, 
o System #lc— Same as system #1 except hand stitched witli 32 end E glass in a 
25.4-mm (1-in.) square pattern prior to cure. 

0 System #2— T300/5208 tape, (0/+45/902/+45/0)3g Bagged and autoclave cured 
same as system #1. 

0 System #2a— Same as system #2 except 42 plies of T300/5208 woven fabric (3K- 
70-CSW) at (0/45)io 0 g orientation was used, 
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System #2b-T300/5208 tape (0/;t45/90g/<48/02/,i45/902/U5/0/J;15/nU2A45^ 
with one ply of lIMFW-70.r) (Fiboi’ite) hybi'id fabric, graphite UH)‘\))/St^lass (10%), 
eoeurcd to each face. Frior to lay-up the hybrid fabric was impregnated with 
boron filled (10%) epoxy resin. The hybrid fabric is of plain weave construction 
with the T300 fibers all in the warp direction and the S glass being fill yarns. 
The orientation of the hybrid fabric was 90o. 

0 System 2c—Same as system #2 except 50 grams of phenolic resin, F508 (USP), 
was coated onto each side of tlio 533,4 x 381.0 mm (21 x 15 in.) laminate prior to 
cure. After application, the phenolic resin was staged at approximately 3 16,3 K 
(I50op) for 2 hours to reduce surface tack and promote Intermixing of the 
phenolic re.sin with the epoxy matrix resin of the T300/5208 prepreg. 

0 System 2d-“T300/5208 tape (0/i45/902/+45/02/i45/902/+45/02/902/0/i45/ 
-452/‘*'45)j3 Boron powder was added to the outermost four plies of each face 
during lay-up as follows.' the prepreg was wiped with an acetone dampened cloth 
to improve surface tack and the previously sifted boron powder was then spread 
evenly over the prepreg face of each ply. The weight ratio of boron to each ply 
of prepreg treated was 7%. Bagging and autoclave cure was the same as for 
system #2. 

o System 2e— Same as system #2 except intumescent coating applied to one face 
after cure, Intumescent coating was Flamarost 1600B (AVCO Specialty 
Materials Division) applied per the manufacturers instructions to achieve a 0.381- 
mm (0.015-in.) dry film thickness. 

0 System 2f-T300 fabric (13K-135-8H)/5208, 18 plies at (+45/0/-45/0)2'i-45) § 
orientation plus one ply of T300 fabric (13K-135-8H)/F805 phenolic at 0° 
orientation cocured to each face. Bagged and cured same as system #2. 

o System 2g-T300/5208 tape and T3Q0 fabric (3K-135-8H)/5208 interplied as 
follows: (Fabric 0/fabric 0/+45 tape 2 /fabric 0/+45 tape 2 /fabric 0/+45 

tape 2 /fabric 0)^. Bagged and cured same as system #2. 

0 System 2h— Six plies of hybrid fabric (HMF W-705)/5208 cocured to each face of 
a T300/5208 tape "core": 03fabric/903fabric/+45/(+452)3 -4S2/+45 c;. The W- 

705 fabric is composed of T300 graphite in the warp direction and S glass in the 
fili direction at a ratio of 90% graphite to 10% S glass. Bagged and cured same 
as system #2. 

o System #3--T300 chopped fibers, 12.7 ram (0.50 in.)/HM 7125 epoxy resin by USP. 
Press molded at 5.5 MPa (800 psi) and 499. 7K (350°F) for 1 hour. 
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0 System 3a— Same as system #3 except graphite/epoxy mat (IIY-MAT 7534 by 
Fiberite) coeured to form outer facings to the EM 7125 chopped fiber molding 
compound. Weight percentages weres 18% HY-MAT7534 in each face and 64% 
EM 7125 core. Fibers in the mat material were approximately 28,6 mm (1.125 
in.) long and of random orientation with a higher degree of interlocking. 

0 System 3b— Same as system #3 except T300 chopped fiber, 2.54 mm (1 
in.)/phenolic (HY-E-1008E by Fiberite) cocurod to form outer facings to the EM 
7125 chopped fiber molding compound. Weight percentages weres 20% HY-E- 
1008E in each face and 60% EM 7125 core. Press cure cycle was 5.5 MPa (800 
psi) and 477.4K (400OF) for 1 hour. 

0 System #4— Celion 6000/PMR-15 polyimide tape (0/+45/90)s, autoclave bagging 
procedure, and cure cycle are shown in Figures 26 and 27, respectively. 

0 System 4a— Same as system #4 except one ply of 104 style fiberglass 

impregnated with NR150 B-2 polyimide resin filled with 20 weight percent glass 
microballons (Eccospheres "R") cocured to each face, 
o System #5— T300/HY-E-1008E phenolic resin tape (Fiberite), (0/+45/90)s. 

Autoclave cure; full vacuum plus 0.69 MPa (100 psi) throughout cure, heat rise 
rate 256.3-256.9K (2-30F)/minute, cure at 449.7-463.6K (350-375QF) for 1 hour, 
cool to 338.6K(150°F) under pressure. Used two plies of 120 style fiberglass for 
top bleed, 

0 System #5a— Same as system #5 except talc filled phenolic resin coating applied 

to each face of the laminate prior to cure. Phenolic resin used for the coating 

was F508 by USP and the talc was product #8476 from Mallinckrodt Company, 
St. Louis, Mo. The talc was mixed into the phenolic resin at a talc to resin 
weight ratio of 31 to 69, Fifty grams of the talc filled resin was applied to each 
face of the 381 x 533.4 mm (15 x 21 in.) lay-up and staged for 2 hours at 321. 9K 
(120°F) prior to cure. 

2.2.2 LAMINATE EVALUATION 

Once the baseline and hybrid laminates had been fabricated, they were evaluated for 
physical, mechanical, and fiber retention characteristics on burning as shown by the 
test matrix of Table VIII. First the cured laminates were ultrasonically "C" scanned 
and their specific gravity, fiber volume, and void content determined to ensure that 
the laminates were of high quality. The laminates were then machined into specimens 
and subjected to mechanical properties and flammability testing in the as-fabricated 
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condition and after thermal and humidity aging as shown in Table VIII. The answers to 
two basic questions were being sought by those evaluations? (1) to what extent would 
the graphite fibers be released from the baseline laminates and how effective would 
the hybridizing concepts be in preventing this fiber release and (2) would the hybrid** 
Izing concepts adversely affect the thermal and humidity stability of the baseline 
laminates. Described in this section are the flammability testing (2.2. 2,1) and the 
physical and mechanical properties evaluaiions (2.2.2.2) performed to answer these 
two questions. 

2.2.2.1 Flammability Testing 

As shown in Table VIII, three flammability test procedures were used during the 
program. They were? Limiting Oxygen Index (LOI), ASTMD-2863; Flame Spread Index 
(FS), ASTME-162; and The Ohio State University Rate of Heat Release Determination 
(OSU), The QSU instrument (Figures 2, 28, and 29) and its operation are described in a 
proposed ASTM procedure (Reference 6). Burning of laminates in the OSU apparatus 
and then subjecting them to impact loading and high air velocities was the primary 
investigative procedure used to determine fiber release tendencies. Thus, discussions 
in this section will concentrate mainly on OSU burn results, The LOI and FS 
procedures were used to obtain comparative burn characteristics of baseline epoxy, 
polyimide, and phenolic matrix systems (#1, 4, and 5 of Table VII). 

There are no established requirements for aircraft materials meeting any specific 
flame spread index or limiting oxygen index. Currently, aircraft materials need only 
meet FAR Part 25 flammability requirements. The FAA is considering imposing fur- 
ther flammability requirements on materials in the future to be used for new genera- 
tion aircraft. However, the new requirements have not, as yet, been formulated. 

The LOI procedure establishes the minimum oxygen concentration that will support 
candle-like combustion. This test method consists of a procedure for measuring the 
minimum concentration of oxygen, expressed as volume percent, in a flov\ring mixture 
of oxygen and nitrogen that will just support flaming combustion of a material initially 
at room temperature. This oxygen concentration is termed the limiting oxygen index 
(LOI). High values of LOI are desirable. As shown in Table IX, the Celion 6000/PMR- 
15 polyimide test results were far superior to those for the epoxy and phenolic 
systems. 
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Surface flammability (FS) was (ietermined by the procedure describe<l in ASTM K“102. 
This method employs a radiant heat souroe consisting of a 304 x 457,2 mm (12 x 12 in,) 
panel in front of whidi an inclined 152.4 x 457.2 mm (6 x 18 in.) specimen of the 
material to bo tested is placed. The orientation of the specimen is such that ignition 
is forced near its upper edge and the flame front progres.sos downwards, A fa>?tor 
derived from the rate of progress of the flame front (ignition properties) and another 
relating to the rate of heat liberation by the material under tests were oombined to 
provide a flame spread index (Ig), Low values of Ig are desirable. As shown in Table X, 
the polyimide and phenolic systems are superior to the epoxy system when tested by 
this procedure. 

For familiarization purposes, several factors pertinent to the OSU instrument and its 
operation as used during this program will now be described. The OSU apparatus was 
used to provide a controlled environment in which baseline and hybrid laminates of 
Table VII were burned and the release of graphite fibers therefrom visually observed. 
Two heat source.s were used; (1) radiant heat from silicon carbide "glow bars" mounted 
in the radiation panel (see Figure 28) and (2) direct flame impingement from 12 natural 
gas pilot flameietts at 12,7 mm (0.5 in.) spacing along the bottom of the 152,4 x 152,4 
mm (6x6 in,) ieminates. These heat sources provided a constant heat flux of 12 
watts/em^ which caused laminate ignition and violent burning within 5 to 10 seconds 
after its insertion into the OSU burn chamber. The laminates were exposed, one at a 
time, by mounting them in a sample holder (Figure 29) and then inserting them into the 
burn chamber (Figure 2). Referring again to Figure 28, the "radiation door" is opened 
and the "sample holder" moved into that position during burning. This places the 
laminate 4 inches from the "glow bars." A total air flow of 85 cubic feet/minute, 
which translates to 1 mph, is maintained through the burn chamber. The thicker 
laminates, 6.35 mm (0.250 in.), were exposed for 15 minutes and the thinner, 1.016 to 
1.524 mm (0.040 to 0.060 in.), ones for 10 minutes. These durations permitted the 
temperature gradient from the front (exposed) face to the rear face of the laminate to 
stabilize. Determining these ts.nperatures was accomplished by exposing a 6.35 mm 
(0.250 in.) thick graph! te/opoxy laminate with thermocouples embedded at various 
depths within the laminate. After 4 minutes, laminate temperatures were 1066. 3K, 
845.2K, and 752.4K(1460, 1062, and 895°F) and after 11 minutes 1116.3K, 994.1K, and 
958K (1550, 1330, and 1265°F) with the higher readings being those recorded by the 
thermocouple at a depth of 0.66 mm (0.026 in.) from the face of the laminate nearest 
the glow bars. Although the duration of exposure was 14 minutes, the temperatures 
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uppeared to have stabilized after 8 to 10 minutes. Tiicso temperatures were attained 
using a thermal environment of 10 watts/cm^. it is probni)l(5 that slightly higher 
temperatures were attained during burning of the baseline and hybrid laminates since 
they were exposed to a higher heat fluxs 12 watts/em^s 

The OSU apparatus also monitors and records heat and smoke evolution with respect to 
laminate exposure time. While this information was not too applicable as related to 
fiber release tendencies, it did confirm that! (1) phenolic and polyimide matrix 
composites evolve significantly less smoke on burning than epoxies and, (2) the 
hybridizing concepts did not appreciably alter the smoke and heat evolution properties 
of the baseline laminates. 

An observation port in the OSU apparatus permitted unobstructed visibility of the 
laminates during burning and the glow bars provided good illumination of the 
laminates. Thus, soot and fiber release were easy to detect. The low velocity air flow 
through the burn chamber removed the smoke as it was generated and also caused any 
fibers that were being released to gently float off to the exhaust port. Photographs of 
laminates for each baseline and hybrid system (Table VII) before and after OSU 
exposure are presented in Figures 3G tlirough 50. As shown in these figures, the 
laminates had been purposely flawed with 6,35 mm (0.25 in.) diameter holes prior to 
exposure to facilitate fiber release. It was felt that such flaws were needed to make 
the laminates more representative of aircraft structure that had been damaged in a 
crash/burn situation. Observations recorded during the OSU exposures are presented 
in Table XI and summary comments follow: 

1. All systems burst into flame within 10 seconds of exposure with copious amount 
of smoke and soot evolved for approximately one minute for the 1.016 to 1.524 
mm (0.040 to 0.060 in.) thick laminates and up to 5 minutes for the 6.35 mm 
(0.250 in.) thick laminates. Of the systems evaluated, the epoxies evolved the 
most smoke with the phenolic and polyimide systems evolving about the same 
amount but significantly less than the epoxies. 

2. There was very little fiber release from any of the laminates. Baseline systems 
#1 and #2 (Table VII) released the most fibers with fibers from the outermost 
two plies being the most fibers released during any exposure. 

3. There was essentially zero fiber release from the phenolic and polyimide matrix 
systems. 


4i The (*po\y .sy, stems, wliieli <Jitl release fibers, did so in two <lifferent ways.* 
(a) te.dividtml filna’s would float away on air currents pa.ssini^ tlirough the t)urn 
oliainber, and (b) elutnps of fibers and resin reimmnts wouhi break off of tlie 
laminate and fall to the bottom of the OSU burn chamber. 

5. Imiividual fibers were not released from graphite fabric because of the inter^ 
loekini? of the fibers by the fabrie. weave* In some eases, chunks of burned out 
fain’ie would be dislodged from the laminate and drop to the bottom of the burn 
chambtH', 

B, Prior tliernml and/or liumidity aging of the laminates (Table VIII) had no 
observalJle effect on the amount or method of fiber release, 

7, The i)aseline phenolic matrix laminates (system #4 of Table VII) does not appear 
to need any hybriiiization to prevent fiber release, 

8, The hybridising concepts listed in Table VII that were most effective, in 
preventing fiber release are lb, 2a, 2b, 2e, 2d, 2e, 2f, 2g, 2h, 4a, and 5a. 

After the OSU exposure, the burned out panels were subjected to an impact loading of 
5 foot pounds followed by 35 mph flow of air across the laminate face for 5 minutes 
duration. This impnet/uir flow test was performed in the test chamber sl!;own In 
Figures 51 tiirough 53. Portions of the laminates that were dispersed by this testing 
wercj eollccted on sticky adhesive coated film positioned on the floor of the impact 
chamber. In tin’s manner, a permanent record (sticky film with remnants from tested 
panel) was made for each panel tested, A picture of remnants from each baseline and 
hybrid system after being subjected to the impact and air flow exposure are presented 
in Figures 54 tiirough 74. Note that most of the laminates were dispersed in clumps or 
pieces that wore too large to present a fiber fiost problem. After studying the 
laminate remnants, it appears that the best hybridizing concepts listed in Table VII 
were: 2a, 2b, 2d, 2e, 2f, 2g, and 4a. 

2. 2.2. 2 Physical and Mechanical Properties 

The physical and mechanical properties determinations performed on the baseline and 
hybrid systems (Table VII) are presented In Table VIII. Physical properties consisted of 
specific gravity, fiber volume and void percent. Prior to mechanical properties 
testing, all laminates were ultrasonically "C" scanned, using previously established 
Boeing procedures. The mechanical properties determinations consisted of flexural 
strength and modulus, and interlaminar shear strength. Tests were conducted at room 
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temperature and at elevated tcunperuture t)efore and after thernial and humidity 
exposure of up to 500 hours duratiorj as shown in Table VIII. The elevated test 
temperatures used were selected to be within the upper service temperature capability 
of the various resin nmtrieess 40S.2K (270OF) for epoxies, 477.4K (400OI-’) for 
phonolics, and 533K (GOOOF) for polyimitles. 

Test methods consisted of ASTM 1)790 for flexure and ASTM 1)2344 for short beam 
shear. A span to depth ratio of between 20 and 32 to one was used for flexure tests 
and between four and five to one for shear tests. 

Test results for pliysical properties and mechanical properties are {mesented in Table 
XII and XIII rospcetively. 

2.2.3 SELECTION OE BEST HYBRID CONCEPTS 

In compliance with contractural requirements, a 203.2 x 203.2 nim(8 x 8 in.) laminate 
was prepared and delivered to NASA for each of the eight hybrid concepts evaluated 
that best retained graphite fibers during burn and impact exposure. Four of these 
concepts were for laminates with a thickness of 1.016 to 1.524 mm (0.040 to 0.060 in.) 
and the other four for a laminate thickness of 6,35 mm (0.250 in.). Based on the burn 
and impact studies described in this section, the hybrid concepts most effective in 
preventing release of graphite fibers were; 

1, 203.2 X 203.2 mm (8x8 in.) x 1.016 mm (0.040 in.) to 1.524 mm (0.060 in.) 

a. Aluminum flame spray coating (System #lb of Table VII) 

b. Boron filler (7%) in all plies of baseline laminate #1 (Table VII) 

c. Graphite/fiberglass hybrid fabrie/5208 at 0,45,0,45,0 orientation 

d. Phenolic matrix resin (System #5 of Table VII) 

2. 203.2 X 203.x (8 x 8 in.) x 6.35 mm (0.250 in.) 

a. Intumescent coating (System 2e of Table VII) 

b. Replace 0, 90 graphite tape with grahite fabric (System 2g of Table VII) 

c. Tale filled phenolic exterior coating (coating of System 5a applied to 

baseline system #2 of Table VII) 

d. Graphite/fiberglass hybrid fabric for exterior ply and add boron filler to 
exterior ply only (System 2b of Table VII) 
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Before delivering these laminutes to NASA, they were ultrasonically "C" scanned and 
determined to be of high quality. Also, a photomicrograph was made of a section 
removed from each laminate; see Figures 75 through 83. 
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3.0 CONCLUSIONS AND RECOMMENDATIONS 


The eonelusions reached from studies conducted during this program are presented in 
3,1. The recommendations regarding severity of ttu» fiber release problem and fu ther 
work to be considered in ttiis area arc presented in 3.2. 

3.1 CONCLUSIONS 

1. Crnphite fibers wore released from graphite/epoxy laminates during tlie burn and 
impact tests performed in this program. However, the extent to wliieh the, fibers 
were released is not considered a severe enough problem to preclude tlie use of 
tliese materials in civil aircraft structure. 

2. The hybrid concepts selected were able to prevent release of grapliite fibers 
under tlie burn and impact tests performed in this program. Also, several of tlie 
concepts liavc zero cost impact. 

3. Tliormal and humidity aging do not appear to alter the fiber release tendencies 
of composites. 


3.2 RECOMMENDATIONS 

Based on results of evaluations performed during this program, the following areas are 

recommended for further study: 

1. The effect of particle size and percentage rosin loading of boron and other 
candidate fillers on (a) retaining graphite fibers during burn/impact conditions, 
and (b) effect of tiioso filler parameters on composite physical and mechanical 
properties. Besides boron, other candidate fillers include glass frit of different 
molt temperatures. 1’liis particular approach is projected to have minimum 
impact on cost and properties. 

2. The effect of fiber orientation and structure edge constraints on graphite fiber 
retention as certain orientations may be incorporated in the design that would 
preclude the need of liybridization. 

3. Comparison of various test techniques for measuring effectiveness of hybrids to 
retain grapliite fibers including scale-up to full size aircraft structure such as 
exterior fairing assemblies. 
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Task I— Concept Definition and Analysis 


Concept Definition Studies 
0 Design Approaches 
0 Materials 

I 

Composite Analytical Studies 


Select 16 
Concept/Materials Combinations 

0 8 for 40-60 Mil Thick Laminates 
0 8 for 250 Mil Thick Laminates 


Figure 1 - Task I Flow Diagram 
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figure 9 T300 Fabric/Pl/00, Preliminary Burn Test Laminate #7 
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Figure lU 


Cel ion 6000.PMR-15, Preliminary Burn Test Laminate #8 
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Cel ion 6000/PMR-15, Preliminary Burn Test Laminate #10 








Fiqure 14 T300 Fabric/MXG-6073, Preliminary Burn 'est Laminate #12 







.9210 



Figure 15 


T300 Fabric/MXG-6073, Preliminary Burn Test Laminate #13 
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Figure 22. "COOP" Hybrid Ranking Example 


Trtsk Il'-CJomposito Fal)rieation and Kvaluation 


La m ina to Fabrica tion 
o“ '’20Olc'^‘2'03^^^ mm 

(8 X 8 X 0.040 in.) 
and 203.2 X 203.2 x 6,35 mm 
(8 X 8 X 0.250 in.) 

0 Ilybpidi/.od and Baseline 
Laminates 


Laminate Evaluation 

"As Fabpieate"d"”Ximinates 
0 Physical Properties 
0 Flex. Strength and Modulus and ILS 
at RT and Kiev. Temp. 

Thermo-Oxidative and Humidity Exposure 
0 Flexural Strength and Modulus and ILS 
During and After Exposures 

Flammability Testing 
0 As Fabricated and After Exposure to 
Thermo-Oxidative and Humidity Environ- 
ments 

0 Flame Spread Index, LOI, OSU, Air Flow, 
and Mechanical Agitation 

Evaluation of Structural Integrity and 
Residual Mechanical Properties 
o Nondestructive Tests 
o Destructive Tests 


Selection 
and Delivery of 
8 Laminates to NASA 
Project Manager 


Figure 23 - Task II Flow Diagram 
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19.05mm 

(.76”) 


opti0D*i 

.Solid m Fllffl Pptlonal 

Plate Optional 
Solid PEP Fll» 

Surface Bleeder 
Perforated PEP 


PEP Parting Film 

a 

Tool . » 



£<1ge Brodther 1/ 


-Vdcuufn Sealot" Tape 


1 / Use a 1 Inch minimum width edge breather with connection to vacuum source* 

At one corner of the layup/ place a single fiberglass yarn between the edge 
of the layup and the edge breather to allow evacuation of air from the layup 


Figure 24, Autoclave Bagging, Epoxy Matrix Systems 
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Figure 25. Autoclave Cure Cycle for Epoxy Matrix Composites 
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Figure 26 . Autoclave Bagging, Polyimide Matrix Systems 
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Fi‘?ure 27. Autoclave Cure Cycle for Polyimide Matrix Composites 

• 5 



Aif DiStr.tufor Plotes “ 


te; 


Figure 2S, OSU Rate of Heat R 
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Figure 30 










Figure 33 


Hybrid System # 
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Hybrid System #ld, Before and After Burn Test 
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Figure 34 
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Hybrid System #2b, Before and After Burn Test 
6 


Figure 37 








Figure 39 


Hybrid System #2d, Before and After Burn Test 
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Figure 40 


Hybrid System #2e. Before and After Burn Test 
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Figure 43 


Hybrid System #2h, Before and After Burn Test 
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and Air Flow Test Chamber After Test 
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Figure 60 Hybrid System #2a After Burn, Impact, and Air Flow Test 
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Figure 67 


Hybrid System #2h After Burn, Impact, and Air Flow Test 
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Figure 70 Hybrid System #3b After Burn, Impact, and Air Flow Test 
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3 / 5 / 




Hybrid System #4a After Burn, Impact, and Air Flow Test 








Selected Hybrid System #la (SOX) 


Fiqure 76 


Selected Hybrid System #2a (SOX) 












Figure 79 


Selected Hybrid System #5a (25X) 


Selected Hybrid System #6a (2SX) 





Selected Hybrid System #7a (25X) 
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Selected Hybrid System #8a (25X) 
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Tnble I « BnsftUne Laminate Caiulidates 


PtM inni' V Rchiii/ Fi bjcn;B 
Kpoxy / U !; ‘ jii’oc tional 

Pelysulfonc/Unidireetlonal 

Poly i rn i de / Unidiree tional 

Polyester/ Unidirectional 

Phenolic/Unidirectional 

Polysulfone/Chopped Fiber 
Epoxy/Chopped Fiber 
Phenolic /Chopped Fiber 
Polyester/Chopped Fiber 
Polyirnide/Chopped Fiber 


Comments 

Most commonly used olaas on aircraft an<l space 
hardware. 

Low-cost resin, structural adequacy demonstrated, 
projected space, aircraft, and missile applica- 
tion. 


High temperaVire service. Spacecraft exterior, 
supersonic missiles and aircraft and hot areas 
such as eng'’*es. 

Low-cost resin,, fast processing, aimed at high 
production runs. 

Low-cost resin, fast processing, moderate higli 
temperature resistance. 

Low-cost processing for high rate production. 


Low-cost processing for high rate production. 
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Tftble n « rrclimhmry Bum fni Ues'iUs 




Tc8i y 


Panel •/ 
Fipre 1 

Thickness, 

mm 

Heinforcement 

DrientftUon 

Resin 

(Prepri't'ger) 

Duration ^ 
(Minutes) 

lieiriarkb 

1/3 

1.60 

(0.06S) 

Cdlon 6000 

i 

PMHd5 

polyimide 

(UHP) 

10 

Resin apparently effeelh a certain amount of 
fiber conlamment as there was no de.ruiRion 
of fiber orienlation. Matrix integnty was 
mamtalncd to a limited degree. 

Vi 

2.95 

(0.U6) 

Celion 6000 
12.7 mm (0»5 
In.) chopped 
fiber 

Random 

PMU-15 

polylmldo 

(USP) 

io 

Considerable panel Integrity retained. Hare 
fibers exposed on surface, but interlocking 
and possibly matrix char kept them In place. 

3/5 

2.85 

(0.112) 

T300 

oo 

934 epoxy 
(pibeme) 

10 

Ho disruption in orientation. 

4/0 

1.07 

(0.0«) 

T300 

(fabric) 

oo 

934 epoxy 
(Plberilc) 
gribrlc* 

10 

Matrix completely degraded, but no fiber 
release due to mechanical Interlocking of 

5/7 

1.14 

(0,045) 

AS 

t 

P1700 

polysulfonc 

(Hercules) 

10 

Matrix completely degraded. Fibers arc easy 
to remove from panel. 

6/8 

3.05 , 

(0.120) 

T300, 12.7 mm 
(0.5 In.) 
chopped fiber) 

Random 

934 epoxy 
(Piberite) 

10 

Considerable leas panel Integrity than 
Panel 12. Fiber release is less severe 
than antlelpolcd because of mechanical Inter- 
locking* 

7/9 

1,47 

(0.058) 

T300 

(fabric) 

OO 

P1700 

polymilfone 

(llcxcol) 

id 

Mechanical Interlocking contains reinforce- 
menti Ho structural Integrity retained* 

8/10 

1.73 

(0.068) 

Cclion 6000 

0 i 45° 

PMH-I5 

polylmide 

(USP) 

a 

Panel burned for 4,5 minutes, y 

9/11 

1,73 

(0.088) 

CoUon 6000 

0 450 

PMR-ID 

polylmide 

(USP) 

8 

Panel burned for 4 minutes. 2/ 

10/12 

3.50 

(0.140) 

Qellon 6000 

0 i 450 

PMR-15 

polyimlde 

(USP) 

12 

Panel burned for 7 minutes. 1/ 

11/13 

3.56 

(0.140) 

Cellon 6000 

0 i 450 

PMR-15 

polyimlde 

(USP) 

16 

Panel burned for 6 minutes* 2 / 

12/14 

2.02 

(0.U5) 

T300 

(fabric) 

00 

MKO-6073 

phenolic 

(Flbcrlte) 

20 

Panel burned for 4 minutes, \/ 

13/15 

2.82 

(0.115) 

T300 

(fobric) 

00 

MXO-6073 

phenolic 

(Fiberltoi 



14/16 

0.86 

(0.034) 

T300 (fabric) 
Kevlar 49-181 

Qo 

MXa-6073 

phenolic, 

20 

Center portion of laminate broke away 
during test. 1/ 

U/17 

0.86 

(0,034) 

T300 (fabric) 
Kevlnr 49-181 

00 

MXG-6073 

phenolic 

(riberitc) 

8 

Small flames near pilot flame. 2/ 

16/18 

2.82 

(0.111) 

T300, 12.7 mm 
(0*5 In.) 
chopped fiber 

Random 

7175 epoxy 
(USP) 

20 

Panel face burned for 3,5 minutes, 1/ 

17/19 

2.82 

(O.lll) 

T300# 12.7 mm 
(0.5 In.) 

Random 

7175 epoxy 

20 

Panel face burned for 3.5 minutes. 2/ 


chopped Hbdr 


1/ Pond flawed with' 9*35 mm (0»375 ln») diameter holes prior to burning* 

2/ Panel identical to next lower numbered panel, except no holes. 

3/ AU exposures at 2 watts/cm^ plus direct flomc Impingement from 12 flamclcU, 12^7 mm (0.5 In.) spacing, along the 
bottom of the laminate. 
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Table III - Fiber Release vs Matrix Material and 
Reinforcement Form 


Matrix 

Fiber Release 
on Burning 

Reinforcement 

polysulfone 

m< 

i 

>st 

chopped fiber 

epoxy 

< 


unidirectional 

polyimide 



fabric 

phenolic 

least 



k 
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Tablo IV " HaKolino Ijaminatos 


Hvsti'm 

Rosin 

Roinfm'oomont 

# 

kSuppUoi’ 

(Orionlation) 

1 

i)208“Nai'nu'O 

T-aOOj (0, i4(), i)0) 


(opoxy) 



0 

*4 

3308-Nai‘moo 

(opoxy) 

T-300; (0, +45, 90) 

3 

KM 712r)-USP 

T-300; 12. 7 -mm 


(epoxy) 

(0.05 in.) ehoppod 
fibei* 

4 

PMU-IS 

Celion 5000; 


(polyimide) 

(0, +45, 90) 

5 

11Y-K~ 100815- 

T-300; (0, :+45, 90) 


Fiboi'ito 

(plienolie) 



Laminate 
Tliieknoss, 
mm (in.) 

Reason for Seleetion 

1.015 to 
1.524 
(0.040 
to 0.050) 

Widespread usage; 
present and projeeted 

5.35 

(0.250) 

Widespremi usage; 
present and projeeted 

1.015 to 
1.524 
(0.040 
to 0.060) 

Chopped fiber form of 
reinfureement may 
present the most serious 
fiber release problem 

1.016 to 
1.524 
(0,040 
to 0,050) 

High serviee tempera- 
ture eapability 

1.015 to 
1.524 
(0.040 
to 0.050) 

Lc-w-eost resin, fast 
pr'oeessing, higli usage 
pe+«'ntial 


Table V ~ Pi’opoiicd Ilybi’iditcing Concepts 


MKCIIANK^ AJ. INTERL OCKING 

- Weaving 

- Stitching 

Glass 

- Cladding 

" Ply Stacking 

- Intralaminar Mix 

COATINGS 

- Heat Barrier 

- Oxygen Exclusion 
“ Intumescent 

- Char Formers 

- Ablatives 

MATRIX CONTROL 

- Char-Forming 

- Matrix Blending 

Exterior Ply 
Intralaminar 

- Additives 
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Table VI -■ Prolimlnai’y IlybrUlIzing (’onecpts 


1. 

Gmplute fabi'ic 

(a) 

exterior plies 



(b) 

inter plied 

2. 

Fiberglass clotli 

(a) 

exterior plies 



(b) 

interplied 

3. 

Graplii te/fiberglP'’.*' cloth 

(a) 

exterior plies 



(b) 

interplied 

4. 

Stitching 

(a) 

prior to impregnation 



(b) 

after lay-up but prior to 




cure 

5. 

Intumoseent coating 



6. 

Glass- filled resin 

(a) 

exterior coating 



(b) 

ply-by-ply coating 

7. 

Char-forming ooating sncli as 

(a) 

exterioi* coating 


polyphenylene sulfide 

(b) 

ply-by-ply coating 

8. 

Boron reinforcement 

(a) 

exterior plies 



(b) 

interplied 

9. 

Matrix modification to increase 
char fonning characteristics 
and/or promote clumping 





I 
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'f’able VII -■ Baseline 

and 

Hybrid 3y.stems 





" ”cepl 



■“™“trii^kness , 


Description 

No. 

Material 

mm (in.) 

No. 

1 

T300/5208 

1.016 to 

la 

One ply FRP (Style 120) each 


(epoxy) 

1.524 


face-coeure 


(0.040 to 
0.060) 

lb 

Aluminum flame spray coating 





Ic 

Stitching prior to cure 




Id 

Glass frit filled paint 

2 

T300/5208 

6.35 

2a 

Replace all tape with graphite 


(epoxy) 

(0.250) 


fabric 




2b 

Boron filled resin in hybrid fabric 
as exterior ply 




2c 

Phenolic exterior coating (co-cure) 




2d 

Boron filler outer 4 plies 




2e 

Intumescent coating 




2f 

Graphite fabric with phenolic 
exterior plies 




2g 

Graphite fabric interleaving 
(i.e., to replace 0,90 tape) 




2h 

Hybrid fabric ( 90% graphite and 
10% glass) , 6 plies each face 

3 

T300 chopped 

1.016 to 

3a 

Graphite mat facings cocured to 


fiber/EM 7125 

1.524 


EM 7125 chopped fiber "core" 


(epoxy) 

(0.040 to 




0.060) 

3b 

Phenolic/chopped fiber facings 





co-cure 

4 

Celion 6000/ 

1.016 to 

4a 

NR150 B-2 filled (20%) with glass 


PMR-15 

1.524 


microballons and coated onto 104 


(polyimide) 

(0.040 to 


style glass fabric: 1 ply co-cured 



0.060) 


to each face 

5 

T300/HY-E-1008E 1.016 to 

5 a 

Exterior coating: Talc filled 


(phenolic) 

1.524 
(0.040 to 
0.060) 


phenolic (co-cured) 
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Table vm - Task 11 Test MatHx 


Tests y 
Meehanicals 

Flex i5c Mod ILB Flnmnuibility 


Oondition Physical 

NDI 

RT Elevated 

y 

RT Elevated 

y 

FS 

LOI 

OSU 

2/ 

As fabricated 

y 

5 5 

5 5 

1 

1 

1 

ITtiA exposure 4/ 







OF: 200 bra 

500 hrs 
500 Ill's + 
24 hrs water boil 


3 

3 

O 

O O 

3 

3 

0 0 

1 

1 

1 


Humidity exposut’e 

OF: 200 lira 5/ 3 3 

500 lira 5/ 3 3 

500 bra +"’ 6/ 3 3 3 3 111 

24 lira water boil "" 


NOTKSs 

FS = Flame Spread 

LOI = bimitini? Oxygon Index 

OSU ” Ohio State University Release Rate Apparatus 

y Applies to each baseline and hybrid configuration except FS and LOI performed 
on systems # I, 4, and 5 of Table VII only 

2/ Specific gravity, fiber volume and void % 

3/ Ultrasonic "C" scan 

4/ 405, 2K (270OF) for systems 1 thru 3b of Table VII 

533K (500<''’F) for systems 4 and 4a of Table VII 
477K (400^F) for systems 5 and 5a of Table VII 

5/ 333K {1400F)/95‘\> RH; all systems of Table VII 

6/ Weight change only 
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Tablo IX 

Limiting Oxypon Index (IiOI) Test Results 

2/ 3/ 

IX)I orsysrem it 

(’onditloninp 1/ 1 (epoxy) 4 (polyimide) 5 (phenolie) 

As fnbi’ieated 40.2 81.3 43.5 

After isothermnl aginp 51.4 77.0 34.3 

After humidity exposure 44.2 70.4 42.9 

NOTES: 

U See Table VIII. 

2/ ASTM n-2863 Test Method 
3/ See Table VII for materials. 


Table X 


Flame Spread (FS) Test Results 


2/ 3/ 

Flome Spread Index of System # 


Conditioning 1/ 

1 (epoxy) 

4 (polyimide) 

5 (phenolic) 

As fabricated 

2.31 

0.98 

1.46 

After isotliermal aging 

2.72 

1.46 

2.07 

After humidity exposure 

4.66 

1.95 

1.83 

NOTES: 




1/ See Table VIII. 




y ASTM E-162 Test Method 



3/ See Table VII for materials. 




Tabic XI “• OSU Plum inability Test Results 


System 1/ 

No. ”* Visual Observations Made During OSU Exposure 


1 Fibers started to be released after 3 minutes and two plies had released 
after 7 minutes OSU exposure. 

la FRP ply broal<s and separates from panel and permits some fiber release 

but not as muc h as baseline system #1, 

lb No fiber release. Flames from holes in laminate only. Aluminum 

coating did separate from laminate but remained in place. 

Ic Stitching started breaking loose after 3 minutes exposure and permitted 

some fiber release but not as much as baseline system #1. 

Id Coating cracked extensively and permitted some fiber release but not as 

much as the baseline laminate #1. Coating separated from laminate 
face in chunks and was completely destroyed by end of test. 

2 Individual fibers started releasing near holes in the laminate after about 
4 minutes OSU exposure. By 8 minutes, about 1/2 of the outer ply had 
released. By 10 minutes, graphite fibers were releasing from the second 
ply and continued until the end of exposure. 

2a After 8 minutes the first ply started to break off in small pieces and 

continued to do so for the remainder of test. Part of the first two plies 
released clumps which fell to bottom of burn chamber. 

2b No fiber release or breaks of any kind occurred in laminate face during 

exposure. 

2c Some fibers lifted from surface but did not float away apparently due to 

the holding power of the high-chai’ forming phenolic coating. No fiber 
release. 

2d Same as 2b but some cracking of outer ply. 

2e Intumescent coating started swelling immediately after OSU exposure 

started. Coating prevented fiber release. Coating started to flake 
off after 11 minutes exposure. No fiber release. 

2f Same as 2b. 

2g SmaU chunks of outer ply started separating from the laminate about 11 

minutes after OSU exposure started and fell to bottom of instrument. No 
fiber float. 

2h Same as 2b except some of the glass fibers in outer ply broke. 


1/ See Table vn 
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Table XI (Continued) 




System 1/ 

No. ” Visual Observations Made During OSU Exposure 


3 No apparent fiber release. The high degree of interlocking apparently 
prevents fiber release. 

3a Individual fibers started floating from .surface after 3 minutes OSU 

exposure and continued throughout test. Not as bad as System 1, but 
worse tlian System 3. 

3b No fiber release. 

4 Much less smoke release than epoxy systems. Some individual fibers lift 
from tlie face of the laminate, but do not float away nearly as badly as 
epoxy systems #1 and 2. 

4a No fiber release, Coating started to peel slightly after 10 minutes 

exposure. 

5 No fiber release, Best looking primary system tested. Smoke release 
about same as for system #4 (polyimide) and much less than for epoxy 
systems. 

5a No fiber release, Good looking concept-should be tried on epoxy 

system. 


f 


I 
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Table XII 
Physical Properties 


System # 

y 

SPG, 

2/ 

Fiber 

Volume 3/ 
(%) 

Voids 

2/ 

(%) 

Moisture Content 
4/ 5/ 6/ 

(%) (%) i%) 

1 

1.557 

58.4 

0 

0,93 

1.67 

2.08 

la 

1.592 

54.5 


1.17 

1.41 

1.40 

lb 

1.626 

61.0 

0 

1.1 

1.95 

1.86 

lo 

1.587 

64.4 

0.4 

1.02 

1.19 

1.29 

Id 

1.608 

50,4 

0 

1.53 

2,37 

2.81 

2 

1.545 

57.4 

0 

0.67 

0.95 

0.54 

2a 

1.571 

60.7 

0 

0.43 

0.69 

0.85 

2b 

1.565 

58.3 

0 

0.57 

0,90 

0.72 

2c 

1.542 

55.4 


0,80 

1,21 

1.38 

2d 

1.545 

54.4 

0.3 

0.60 

1.21 

1.21 

2o 

1.547 

54.3 

0 

0.66 

0.96 


2f 

1.512 

53.0 

0.7 

0.70 

0.96 


2g 

1.605 

70.0 

0 

0.43 

0.69 


2h 

1.542 

56.0 

0.8 

1.86 

2,31 

2,19 

3 

1.516 

51.1 

0 

0.83 

1.49 

1.86 

3a 

1,549 

51.6 

0,3 

0.73 

1.33 

1.56 

3b 

1.555 

52.9 

— 

1.39 

1.45 

1.57 

4 

1.589 

66.3 

1.2 

0.70 

1.17 

1.47 

4a 

1.454 

42.0 

— 

3.13 

4.20 

5.61 

5 

1.546 

52.5 

— 

2.29 

2.23 

2.37 

5a 

1.483 

43.4 

— 

2.93 

2.56 

— 


y 

2 / 

3 / 

4 / 

y 

y 


See Table VII, 

As- fabricated 

Not adjusted for hybridizing components. 

After 200 hours at 333l< (140OF) and 100?6 RH 

After 500 hours at 333K (140OF) and lOm IlH 

After 500 at 333K (140°F) and 100% RH plus 24 hours water boil 
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T«bU XIU - Mefh«nlc»J Proj>erll«» 


Flexural Strengtii/Modulus, MPa (k»f/m»l) 2/ 


As Psbricaled ITOA F-xposure 4/ ofi Humidity Exposure fi/ ofi 


System 

1 

1/ 

Ci- .f- 1 


20Q firs* 

500 hra, 

500 tiff f 24 
hrs wftter boU 

200 hrt. 

500 hrf* 

500 hri 24 
hn w^t«r boil 

HT 

£rCil:.:!5 ssii ;r3s»si; 

y 

Elevated 

RT 

UT 

RT 

sr 

Elevated 

UT 

RT 

HT 

Blevati4 

1 701.7/ 820.7/- 

01,724.1 

(109/ (119/-) 

7.5) 

1117.2/ 

86,896.6 

(162/ 

12,6) 

1000,9/ 

77,931.0 

(146/ 

11,3) 

917.2/ 

79,310.3 

(133/ 

11.5) 

682.8/ 

73,103.4 

(128/ 

10.0) 

1089,7/ 

83,440,4 

(156/ 

12,1) 

1006.9/- 

(146/-) 

1013.8/ 

77,931,0 

(147/ 

11,3) 

744.8/ 

73,793,1 

(108/ 

10.7) 


813,8/ 

46,300.9 

(118/ 

6.7) 

042.8/ 

45,517.2 

(93.2/ 

6,6) 

793,1 

40,206.9 

(115/ 

6.7) 

912,4/ 

46,200.0 

(132.3/ 

6.7) 

896.0/ 

50,344.5 

(130/ 

7,3) 

737.0/ 

40,080.7 

(107/ 

5.0) 

858.0/ 

50,344.8 

(139/ 

7.3) 




lb 

451.7/ 

16,020,7 

(65.6/ 

2.7) 

380.7/ 

17,931,0 

(55.2/ 

2.6) 

848.3/ 

50,344.8 

(123/ 

7,3) 

979.3/ 

57,241,4 

(142/ 

8.3) 



1913.8/ 

68,905,5 

(147/ 

10.8) 

1009.0/ 

67,580.3 

(165/ 

9.3) 



ic 

093.1/ 

79,310.3 

(144/ 

11.5) 

869.0/ 

75,172.4 

(126/ 

10.9) 

1055.2/ 

73,103.4 

(153/ 

10.6) 

993.1/ 

73,103.4 

(144/ 

10.0) 

1027.6/ 

74,462,8 

(149/ 

10.6) 

875.9/ 

78,620.7 

(127/ 

11.4) 

1000.0/ 

71,034,5 

(145/ 

10.3) 




Id 

548.3/ 

28,985,5 

(79.6/ 

4.2) 

514.5/ 

27,586.2 

(74.6/ 

4.0) 

587.6/ 

47,566.2 

(85.2/ 

0,9) 

565,5/ 

20,200,9 

(82/ 

3.8) 



620.2/ 

34,462.8 

(90.8/ 

5.0) 




2 

591.0/ 

50,344.8 

(85.7/ 

7.3) 

475.9/ 

44,827.0 

(60,0/ 

6.6) 

502,8/ 

40,000,0 

(72.9/ 

5.8) 

440.7/ 

37,241.4 

(63,9/ 

5.4) 

460.0/ 

37,931.0 

(68.0/ 

5.5) 

482,8/ 

41,370.3 

(70.0/ 

6.0) 

460.0/ 

40,089.7 

(86.7/ 

5,0) 

500.0/ 

39,310.3 

(72.5/ 

5.7) 



2o 

509.7/ 

51,724.1 

(73.9/ 

7.5) 

407.6/ 

44,137.0 

(50.1/ 

6.4) 

513.8/ 

46,200.9 

(74.5/ 

0,7) 

523.4/ 

46,206.9 

(75,9/ 

6.7) 


502.4/ 

46,965,5 

(72.8/ 

7.1) 

544.1/ 

48,270.0 

(78.9/ 

7,0) 




2b 

497.2/ 

35,712.4 

(72.1/ 

5.1) 

480.7/ 

40,000.0 

(69.7/ 

5.9) 

520.0/ 

37,931.0 

(75,4/ 

5.5) 

404.5/ 

37,931.0 

(71.7/ 

5.5) 

493.8/ 

30,310,3 

(71.6/ 

5.7) 

408.3/ 

41,870.3 

(67.9/ 

0,0) 

510.8/ 

26,617.2 

(74.0/ 

3,7) 

518.0/ 

38,020.7 

(75.3/ 

5.6) 

521.4/ 

37,931.0 

(75.6/ 

5.5) 

415.9/ 

34,482.8 

(60.3/ 

5.0) 

2o 

403.1/ 

37,241.1 

(71.5/ 

5.4) 

418.0/ 

38,620.7 

(60.7/ 

5,6) 

483,5/ 

32,413.8 

(70.1/ 

4.7) 

423,5/ 

41,379.3 

(61.4/ 

0.0) 

501.4/ 

36,551.7 

(72.7/ 

5.3) 

307.0/ 

34,462.6 

(57.7/ 

5.0) 

524.6/ 

66,206.9 

(76,1/ 

0.6) 

534.5/ 

40,896.6 

(77,5/ 

0.8) 

487.6/ 

•37,241.4 

(70.7/ 

5.4) 

333,8/ 

30,344.8 

48.4/ 

4.4) 

2d 

478.6/ 

40,000.0 

(69.4/ 

5.6) 

429.7/ 

44,137.0 

(02.3/ 

6,4) 

411.0/ 

42,060,0 

(59.6/ 

6.1) 

428.3/ 

42,758.0 

(62.1/ 

6.2) 

444.8/ 

42,758,4 

(64.5/ 

6.2) 

435.0/ 

44,827.6 

(63.2/ 

6.5) 

466.2/ 

44,137,6 

(67.6/ 

6.4) 

469.0/ 

42,069.0 

(68.0/ 

6.1) 

534.5/ 

43,448,3 

(77.5/ 

6,3) 

406.2/ 

39,310.3 

(58.9/ 

5.7) 

2e 

524.1/ 
45,517.2 
(76 .0/ 
6.6) 

435.2/ 

37,241.4 

(63.1/ 

5.4) 

522.1/ 
30,551.7 
(75.7/ 
5.3) . 

548.7/ 

35,862.1 

(79.7/ 

5.2) 

541.4/ 

37,241.4 

(78.5/ 

5,4) 

453.8/ 

38,620.7 

(65.8/ 

5.0) 

509.7/ 

36,620.7 

(82.6/ 

5.6) 

534,5/ 

35,172.4 

(77.5/ 

5.1) 


• 

2f 

455.9/ 

40,689.7 

(66,1/ 

5.9) 

423.4/ 

46,806.6 

(61.4/ 

6.8) 

473.1/ 

39,310.3 

(63.2/ 

5.0) 

473.1/ 

39,310.3 

(68,6/ 

5.7) 

447.8/ 

36,551.7 

(64.9/ 

5,3) 

426,9/ 

44,137.0 

(01.9/ 

6.4) 

498.6/ 

40,000.0 

(72.3/ 

5.8) 
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XIU (ConUnucd) 


FlPxurftl Strength/Mmlulus, MPa (ksl/msl) 2/ 


A» Fabricated ITUA Expoaure 4/ ofi 


Humidity BxpMure 5/ ofi 





200 lin. 

500 h». 

600 hrs + 24 
lira wfder boll 

200 hole 

500 hra. 

500 hr» 24 
hfs water boll 

E/YiPMSIM 

1 

y 

HT 

I/-”’-' 

Elected 

UT 

RT 

RT 

^ 

Elevated 

HT HT 

RT 

y ' 

Elevated 


470.3/ 

51,724.1 

(09.5/ 

7.5) 

311.0/ 

48,200.0 

(45.1/ 

8.7) 

532.4/ 

49,655.2 

(83.8/ 

7 3) 

532.4/ 

40,655.2 

(77.2/ 

7.2) 

553.1/ 

52,413.8 

(80.2/ 

7.6) 

437.2/ 

65,862,1 

(83.4/ 

8.1) 

522.1/ 

51,034.5 

W.1/ 

7.4) 

623,5/ 

61,724.1 

(90.4/ 

7.6) 



2h 

570.5/ 

44,827.6 

(83.6/ 

6.5) 

377,2/ 

4S,S6S.S 

(54.7/ 

7.1) 

536,0/ 

20,655.2 

(82.4/ 

0,5) 

531.0/ 

29,655.2 

(77.0/ 

4.3) 

459.3/ 

46,206.9 

(66.6/ 

6,7) 

329.0/ 

45,517.2 

(47.7/ 

0.6) 

462.1/ 

46,905.5 

(87.0/ 

7,1) 

502.8/ 

47,586.2 

(72.0/ 

0.9) 

440,7/ 

34,462.8 

(83.0/ 

6.0) 

233.1/ 

37,241.1 

(33.8/ 

5,4) 

3 

555.9/ 

22,069.0 

(80.0/ 

3.2) 

86.8/ 

24,137.8 

(13,8/ 

3.8) 

3B0.0/- 

(58.1/-) 

202.6/ 

31,034.5 

(38.1/ 

4,5) 

202.8/ 

65,862.1 

(29.4/ 

8.1) 

103.5/ 

11,724.1 

(15.0/ 

1.7) 

270.3/ 

31,724.1 

(39.2/ 

4.8) 

240.0/ 

37,031.0 

(34.6/ 

5.5) 

180,0/ 

20,889.7 

(27.4/ 

3.0) 

97.2/ 

10,344.8 

(14.1/ 

1.5) 

3 a 

202,8/ 

55,172.4 

(20.4/ 

8.0) 

160,3/ 

37,031,0 

(21.8/ 

6,6) 

207,8/ 

23,443,2 

(30.1/ 

3.4) 

220.0/ 
44,327 .0 
(33.2/ 
0.5) 

259,3/ 

64,137.9 

(37,6/ 

0.3) 

162,8/ 

48 , 898 .8 
(23.6/ 
8.8) 

188.9/ 

52,413.8 

(27.1/ 

7.0) 

237.0/ 

84,137.8 

(34,5/ 

0.3) 



3b 

200.3/ 
35, m. 4 
(42.1/ 
5.1) 

127.4/ 

19,310,3 

(18.5/ 

2.8) 

342.1/ 

41,370.3 

(40,6/ 

6.0) 

300.2/ 

33,703.1 

(53.1/ 

4.0) 

334.6/ 

29,655,2 

(48,5/ 

4.3) 

132.4/ 

17,951,0 

(19,2/ 

2.0) 

376.0/ 

55,802.1 

(54.8/ 

5.2) 




4 

mo. 3/ 

75,862.1 

(161/ 

U.O) 

703.5/ 

70,551.7 

(102/ 

11.1) 

1108.5/ 

82,758,0 

(189/ 

12.0) 

1041.4/ 

78,030.7 

(151/ 

11.4) 

1131.0/ 

78,630.7 

(104/ 

11.4) 

834.5/ 

70,344,8 

(121/ 

10,2) 

1131,0/ 

82,756.6 

(164/ 

12) 

1048,2/ 

84,137.9 

(152/ 

12.2) 

1075.6/ 

84,137.9 

(150/ 

12. S) 

786,2/ 

73,103.5 

(114/ 

10.6) 

4a 

450.3/ 

21,379.3 

(65.3/ 

3.1) 

198.6/ 

13,103.5 

(28.5/ 

1.9) 

453.1/ 

28,985.5 

(66.7/ 

4.2) 

465,5/ 

26,890,6 

(67.5/ 

3.0) 

405,5/ 

22,069.0 

(58.8/ 

3.2) 

278,6/ 

20,689,7 

(40.4/ 

3.0) 

447.6/ 

28,275.0 

(64.0/ 

4.1) 

444,1/ 

27,588.2 

(64.4/ 

4,0) 



5 

1131.0/ 

77,951.0 

(164/ 

11.3) 

411,0/ 

55,802.1 

(50.0/ 

8.1) 

951.7/ 

68,965,5 

(138/ 

10) 

744.8/ 

59,310.3 

(100/ 

8.6) 



1096,0/ 

75,172.4 

(169/ 

10.9) 

1027.6/ 

75,862.1 

(140/ 

11. O' 



5a 

802.1/ 

48,905,5 

(125/ 

7.1) 

512.4/ 

32,413.8 

(74,3/4.7 

4.7) 

951.7/ 

42,758.0 

(109/ 

0,2) 

500,0/ 

36,551.7 

(73.8/ 

6.3) 



766,5/ 

48,965.6 

(111/ 

7.1) 

606,6/ 

35,172.4 

(101/ 

6,1) 




1/ SCO Table VII 

2/ Average of 3 speeimeas except Q8-fabricaled condition Is an average of 5 specimens 

3/ Elevated test temperature Is 405. 2K (270QF) for systems 1 through 2h» 573K (5000?) for systems 4 and 4n, and 477. 4K (4000 

5 and 5a. 

4/ ITGA exposure temperatures are same as 3/, 

5/ 333K (140OF)/95% HH| aU systems 

6/ All values based on actual panel thickness ineludj ng hybridizing constituents. 

7/ Specimen thickness of system 2 through 2h Is nominal 6.35 mm (0.250 In.)} all others arc U016 to 1.524 mm (0.040 
to 0.060 inch). 
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